The mixture of medetomidine, midazolam, and butorphanol (MMB) has been widely used in rodents as a narcotic-free anesthetic since ketamine was designated as a narcotic \[[@r7], [@r10],[@r11],[@r12]\]. However, various mixing ratios and administration routes have been reported for MMB \[[@r3], [@r13], [@r19]\]. In addition, none of these three drugs are anesthetics; and butorphanol is an analgesic, medetomidine is a sedative and an analgesic, and midazolam is a sedative.

Alfaxalone (3α-hydroxy-5α-pregnane-11, 20-dione) is an injectable neurosteroid anesthetic \[[@r27]\] that is widely used to induce anesthesia and provides satisfactory induction of anesthesia in dogs \[[@r1], [@r17], [@r25]\] and cats \[[@r18], [@r29]\]. In addition, alfaxalone anesthesia has been investigated in rats \[[@r14], [@r28]\], pigs \[[@r8]\], and horses \[[@r4], [@r5]\]. Alfaxalone has few or no cardiovascular effects when given at clinical doses, unlike propofol \[[@r9], [@r16], [@r20]\]. Several studies have reported that combining alfaxalone with sedatives and opioids improves the safety and quality of anesthetic induction in dogs \[[@r15], [@r23]\] and cats \[[@r21]\].

We previously examined alfaxalone as an alternative to MMB in female ICR mice \[[@r6]\]. In that study, administration of alfaxalone (100 mg/kg) alone gave an average anesthetic score of 1. Therefore, anesthesia using a mixture of medetomidine and butorphanol was examined in addition to that using alfaxalone. Anesthesia with 20, 40, 60, and 80 mg/kg of alphaxalone mixed with 0.3 mg/kg medetomidine and 5 mg/kg butorphanol was investigated. The mixture containing 80 mg/kg of alphaxalone caused death in some cases, and that containing 20 mg/kg alphaxalone did not reach surgical anesthetic depth. Mixtures containing 40 and 60 mg/kg alfaxalone appeared to be suitable, and sufficient anesthesia was accomplished in ICR mouse foster mothers during fertilized egg transplantation. However, when this combination was used in other strains of mice, the anesthesia was either ineffective or too deep. Therefore, a combination of anesthetics that is effective and safe for other strains of mice is required.

In the present study, we investigated three combinations of 0.5 or 0.75 mg/kg medetomidine and 5 mg/kg butorphanol with 30 or 40 mg/kg alfaxalone (0.5MBA30, 0.75MBA30, and 0.75MBA40) in male and female ICR, BALB/c, and C57BL/6 mice. We compared these combinations with MMB as an established anesthetic. We also monitored peripheral oxygen saturation (SpO~2~) and body temperature as vital signs to verify the safety of the anesthetics.

MATERIALS AND METHODS {#s1}
=====================

This study was carried out in strict accordance with the Guidelines for Proper Conduct of Animal Experiments, Science Council of Japan (<http://www.scj.go.jp/en/animal/index.html>). All animal procedures and their care were approved by the Animal Care and Use Committee of Rakuno-Gakuen University in accordance with the Guide for the Care and Use of Laboratory Animals (approval number: VH16A8).

Mice
----

Specific pathogen-free ICR, BALB/c, and C57BL/6 mice, aged 6 weeks, were purchased from Japan SLC, Inc. (Hamamatsu, Japan). The mice were housed in autoclaved polycarbonate cages with autoclaved bedding under barrier-sustained conditions and controlled temperature (23 ± 2°C) and lighting (12 hr light/dark cycle). Mice were fed a commercial diet (CE-2, CLEA Japan, Inc., Tokyo, Japan) and received tap water *ad libitum*. Mice were allowed to acclimatize for at least 1 week before use at 7 weeks old.

Combinations of anesthetic drugs
--------------------------------

Medetomidine (Dorbene Vet, Kyoritsu Seiyaku, Co., Tokyo, Japan), midazolam (Midazolam Sandoz, Sandoz Japan Co., Ltd., Tokyo, Japan), butorphanol (Vetorphale, Meiji Seika Pharma Co., Ltd., Tokyo, Japan), and alfaxalone (Alfaxan, Meiji Seika Pharma Co., Ltd.) were used in the combinations listed in [Table 1](#tbl_001){ref-type="table"}Table 1.Summary of the drugs and doses used in this studyAbbreviationProductProduct concentration\
(mg/m*l*)Agent dose\
(mg/kg)Volume in 10 m*l*\
normal saline (m*l*)MMBMedetomidine10.30.3Midazolam540.8Butorphanol5510.9% NaCl\--7.90.5MBA30Medetomidine10.50.5Butorphanol551Alfaxalone103030.9% NaCl\--5.50.75MBA30Medetomidine10.750.75Butorphanol551Alfaxalone103030.9% NaCl\--5.250.75MBA40Medetomidine10.750.75Butorphanol551Alfaxalone104040.9% NaCl\--4.25. The drugs were diluted in normal saline (0.9% NaCl) to concentrations that could be administered in a total volume of 0.01 m*l*/g of body weight. MMB comprised 0.3 mg/kg medetomidine, 4 mg/kg midazolam, and 5 mg/kg butorphanol. Other groups of mice were administered 0.5 mg/kg medetomidine and 5 mg/kg butorphanol with 30 mg/kg alfaxalone (0.5MBA30), or 0.75 mg/kg medetomidine and 5 mg/kg butorphanol with 30 mg/kg (0.75MBA30) or 40 mg/kg (0.75MBA40) alfaxalone.

Experimental protocols
----------------------

Twenty male and 20 female ICR, BALB/c, and C57BL/6 mice (total of 120 mice) were randomly allocated to 24 groups (5 mice per group), and each group received one anesthetic protocol. All drugs were administered subcutaneously. After drug injection, the mouse was kept on a heater plate (FHP450-S, Tokyo Glass Kikai, Co., Ltd., Tokyo, Japan) maintained at approximately 37°C. The reflex response to a stimulating noxious stimulus was tested every 5 min until these responses recovered after drug administration.

Assessment of anesthetic depth
------------------------------

The reflex response to a stimulus was assessed using a method reported by Kawai *et al.* with some modifications \[[@r7]\]. Five reflexes were evaluated: the righting reflex, the fore- and hindlimb pedal withdrawal reflexes, the tail pinch reflex, and the eyelid reflex. The righting reflex was assessed by placing the mouse on its back and observing the motion taken to correct its posture to determine the presence (score=0) or absence (score=1) of a reflex. The tail pinch reflex was assessed in six locations by pinching the proximal tail lightly with atraumatic forceps, and observing the presence (score=0) or absence (score=1) of a reflex. The pedal withdrawal reflex was assessed by lightly pinching the interdigital webbing of all four limbs using atraumatic forceps, and observing the presence (score=0) or absence (score=1) of a reflex in the fore- and hindlimbs. The eye reflex was assessed by blowing air onto the cornea using a Pasteur pipette with a 2 m*l* silicone nipple, and observing the presence (score=0) or absence (score=1) of a reflex. Each parameter was scored, and the anesthetic depth was expressed as the total score for each mouse. A score of ≥4 was defined as surgical anesthesia. The time to the loss of the righting reflex and the time to recovery of the righting reflex were also recorded. The immobilization time (i.e., the time during which the animal made no movements) was defined as the time from the loss of the righting reflex to the recovery of the righting reflex. An electric thermometer (ThemoScan, Braun, Kronberg, Germany) was used to measure ear temperature \[[@r22]\]. All tests were performed by investigators who were not blinded to the study treatments.

Measurement of SpO~2~ in 0.5MBA30 and MMB
-----------------------------------------

A pulse oximeter (Hakubatec Lifescience Solutions, Tokyo, Japan) was used to measure SpO~2~. A total of 36 mice, comprising 12 ICR, BALB/c, and C57BL/6 mice (6 males and 6 females of each strain) were used, with 3 mice per group. Mice in each group were administered 0.5MBA30 or MMB subcutaneously. The sensor clip of the pulse oximeter was attached to the hind leg of the mouse and SpO~2~ was measured from anesthesia administration to recovery.

Statistical analysis
--------------------

All data are presented as the mean ± standard error of the mean (SEM). Statistical analysis was performed using Kruskal-Wallis test with Steel-Dwass multiple pairwise post hoc comparisons for three or more groups, and the Mann-Whitney *U* test between two groups. Fisher's exact test was used for the statistical analysis of the average difference. Statistical significance was defined as *P*\<0.05. The free statistical software R (version 3.2.2) was used for all analyses (The R Foundation for Statistical Computing, Vienna, Austria).

RESULTS {#s2}
=======

Anesthetic scores
-----------------

In our previous study, intraperitoneal administration of anesthesia did not reach the depth required for surgical anesthesia or significant variation was observed in the anesthetic score; thus, in this work, the anesthetics were administered subcutaneously \[[@r6]\]. For 0.75MBA40, surgical anesthesia (score ≥4) was reached with the male and female mice, but the anesthesia time of more than 2 hr was as long as that for injection anesthesia, and was particularly long for BALB/c mice ([Fig. 1a](#fig_001){ref-type="fig"}Fig. 1.Anesthetic scores following subcutaneous administration of the anesthetic drug combinations. (a) 0.75MBA40 (0.75 mg/kg medetomidine, 5 mg/kg butorphanol, and 40 mg/kg alfaxalone). (b) 0.75MBA30 (0.75 mg/kg medetomidine, 5 mg/kg butorphanol, and 30 mg/kg alfaxalone). (c) 0.5MBA30 (0.5 mg/kg medetomidine, 5 mg/kg butorphanol, and 30 mg/kg alfaxalone). (d) MMB (0.3 mg/kg medetomidine, 4 mg/kg midazolam, and 5 mg/kg butorphanol). Green circles: ICR mice; orange triangles: C57BL/6 mice; blue squares: BALB/c mice. Left panels: males; right panels: females. Surgical anesthesia was defined as a total anesthetic score of ≥4 (red lines). Results are presented as the mean ± SEM of five mice. Statistical analysis was performed using the Kruskal-Wallis test with Steel-Dwass multiple pairwise post hoc comparisons. \*Significant difference (*P*\<0.05) in ICR vs. BALB/c mice, †Significant difference (*P*\<0.05) in C57BL/6 vs. BALB/c mice. ‡Significant difference (*P*\<0.05) in ICR vs. C57BL/6 mice.). For 0.75MBA30, the recovery from anesthesia in all mouse strains was as slow as that for injection anesthesia, similar to 0.75MBA40. Recovery in male BALB/c mice was faster than for 0.75MBA40, although the BALB/c mice had significantly longer anesthesia times than the other strains of mice ([Fig. 1b](#fig_001){ref-type="fig"}). For 0.5MBA30, surgical anesthesia was reached with all tested male and female mouse strains and the length of the anesthesia time in BALB/c was decreased ([Fig. 1c](#fig_001){ref-type="fig"}). In this anesthesia group, the average of anesthesia score of the ICR male mouse was low compared with other strains and the surgical anesthesia time was about 14 min. In contrast, for MMB, which is widely used in anesthesia, the average score of male mice exceeded the surgical anesthesia score only in BALB/c mice, and the length of anesthesia was also shorter than that for MBA ([Fig. 1d](#fig_001){ref-type="fig"}, left panel). Female ICR and BALB/c mice reached the surgical depth of anesthesia and were stable, but female C57BL/6 mice had an average anesthesia score of around 3, which was inappropriate for surgical procedures ([Fig. 1d](#fig_001){ref-type="fig"}, right panel).

Jumping reaction
----------------

Several mice jumped one to three times within 20 sec of MBA administration. This jumping reaction was not observed during anesthesia and awakening, and did not affect anesthesia. This reaction, which appears to be unique to alphaxalone, was observed in six mice (two ICR female mice, one C57BL/6 male mouse, one C57BL/6 female mouse, one BALB/c male mouse, and one BALB/c female mouse) for 0.75MBA40, and in three mice (one C57BL/6 male mouse, one C57BL/6 female mouse, and one BALB/c female mouse) for 0.75MBA30. In addition, the response was seen in only one mouse for 0.5MBA30 (one BALB/c male mouse) and not observed for MMB.

Changes in body temperature
---------------------------

Prior to anesthesia, the body temperatures in the three strains of mice remained nearly constant in the range of 38 to 39°C ([Fig. 2](#fig_002){ref-type="fig"}Fig. 2.Body temperature following subcutaneous administration of the anesthetic drug combinations. (a) 0.75MBA40 (0.75 mg/kg medetomidine, 5 mg/kg butorphanol, and 40 mg/kg alfaxalone). (b) 0.75MBA30 (0.75 mg/kg medetomidine, 5 mg/kg butorphanol, and 30 mg/kg alfaxalone). (c) 0.5MBA30 (0.5 mg/kg medetomidine, 5 mg/kg butorphanol, and 30 mg/kg alfaxalone). (d) MMB (0.3 mg/kg medetomidine, 4 mg/kg midazolam, and 5 mg/kg butorphanol). Green circles: ICR mice; orange triangles: C57BL/6 mice; blue squares: BALB/c mice. Left panels: males; right panels: females. Body temperature of 37°C is shown by the red lines. Results are presented as the mean ± SEM of five mice. Statistical analysis was performed using the Kruskal-Wallis test with Steel-Dwass multiple pairwise post hoc comparisons. \*Significant difference (*P*\<0.05) in ICR vs. BALB/c mice, †Significant difference (*P*\<0.05) in C57BL/6 vs. BALB/c mice. ‡Significant difference (*P*\<0.05) in ICR vs. C57BL/6 mice.). For 0.75MBA40, all tested mice maintained a low body temperature in the range of 36--37.5°C from 20 min after administration to recovery and similar results were obtained for 0.75MBA30, in which the alphaxalone concentration was reduced to 30 mg/kg ([Fig. 2a, 2b](#fig_002){ref-type="fig"}). For 0.5MBA30, body temperatures did not drop below 37°C throughout the anesthesia period in all male and female ICR and BALB/c mice ([Fig. 2c](#fig_002){ref-type="fig"}). In C57BL/6 mice, the average body temperature was lower than 37°C after 10 min of anesthesia and did not exceed 37°C until 70 min after anesthesia ([Fig. 2c](#fig_002){ref-type="fig"}). In contrast, the body temperatures of the mice in the MMB group were stable and did not fall significantly below 37°C during the observation period ([Fig. 2d](#fig_002){ref-type="fig"}).

Surgical anesthesia and immobilization times
--------------------------------------------

In the MMB group, two male ICR mice, and two male and two female C57BL/6 mice did not reach surgical anesthetic depth. Two male ICR mice in the 0.75MBA30 group and one male ICR mouse in the 0.5MBA30 group did not reach surgical anesthetic depth; however, the other mice treated with MBA did reach surgical anesthetic depth ([Fig. 3a](#fig_003){ref-type="fig"}Fig. 3.Comparison of surgical anesthesia and immobilization times after administration of 0.75MBA40, 0.75MBA30, 0.5MBA30, and MMB. (a) Percentage of mice (*n*=5) that reached surgical anesthesia. A score of ≥4 was defined as surgical anesthesia. Statistical analysis was performed using Fisher's exact test. (b) Time to surgical anesthesia (i.e., score ≥4). Results are presented as the mean ± SEM of five mice. Statistical analysis was performed using the Kruskal-Wallis test with Steel-Dwass multiple pairwise post hoc comparisons. \**P*\<0.05. (c) Immobilization time. The immobilization time was defined as the time from the loss of the righting reflex to the recovery of the righting reflex. Results are presented as the mean ± SEM of five mice. Statistical analysis was performed using the Kruskal-Wallis test with Steel-Dwass multiple pairwise post hoc comparisons. \**P*\<0.05. Blue bars: 0.75MBA40; orange bars: 0.75MBA30; green bars: 0.5MBA30: gray bars: MMB. Left panels: males; right panels: females.).

Fisher's exact test detected no statistically significant difference between MMB and the combination containing alphaxalone. The surgical anesthesia time for MBA, which contained alphaxalone, was significantly longer than that for MMB, especially in female C57BL/6 mice ([Fig. 3b](#fig_003){ref-type="fig"}). In male ICR mice, the surgical anesthesia time for 0.5MBA30 was significantly shorter than that for 0.75MBA40. In contrast, for 0.75MBA40, the surgical anesthesia time for male and female BALB/c mice was \>80 min, which was too long, and it was considered unsuitable as an injectable anesthetic. Even for 0.75MBA30, the surgical anesthesia time in female BALB/c mice was 80 min or more. For 0.5MBA30, the surgical anesthesia time was about 60 min in male and female BALB/c mice, which was better than the short surgical anesthesia time for MMB in female C57BL/6 mice.

The immobilization time was defined as the time from the loss of the righting reflex to the recovery of the righting reflex. For 0.75MBA40 and 0.75MBA30, immobilization times were more than 100 min in male and female BALB/c mice and more than 100 min in female ICR mice ([Fig. 3c](#fig_003){ref-type="fig"}). In contrast, for 0.5MBA30, the average immobilization time was less than 100 min in all tested mice, and was similar to that of MMB in C57BL/6 female mice, whose surgical anesthesia time was very short for MMB ([Fig. 3b, 3c](#fig_003){ref-type="fig"}, right panel).

Changes in SpO~2~ for 0.5MBA30 and MMB
--------------------------------------

The changes in SpO~2~ over time in the 0.5MBA30 and MMB groups are shown in [Fig. 4.](#fig_004){ref-type="fig"}Fig. 4.Comparison of SpO~2~ over time after administration of MMB and 0.5MBA30. (a) ICR, (b) BALB/c, and (c) C57BL/6 mice. Left panels: males; right panels: females. Green circles: MMB; orange triangles: 0.5MBA30. 70% SpO~2~ is shown by the red lines. Results are presented as the mean ± SEM of three mice. Statistical analysis was performed using the Mann-Whitney *U* test. No statistically significant difference was detected between MMB and 0.5MBA30. SpO~2~ was measured every 5 min, starting 5 min after drug administration. SpO~2~ rarely fell below an average of 70% in the MMB group, and tended to be lower throughout the experiment in the 0.5MBA30 group. In ICR mice, SpO~2~ values remained around 70--80% for both MMB and 0.5MBA30 ([Fig. 4a](#fig_004){ref-type="fig"}). In BALB/c mice in the 0.5MBA30 group, SpO~2~ values were lower than those in the MMB group for up to 80 min after administration in males and up to 60 min in females ([Fig. 4b](#fig_004){ref-type="fig"}). In C57BL/6 mice in the 0.5MBA30 group, SpO~2~ values tended to be lower compared with the MMB group until about 40 min after administration of the anesthetic ([Fig. 4c](#fig_004){ref-type="fig"}).

DISCUSSION {#s3}
==========

In a previous study, we reported that a combination of 0.3 mg/kg medetomidine, 5 mg/kg butorphanol, and 60 mg/kg alfaxalone (0.3MBA60) is suitable for anesthesia in female ICR mice \[[@r6]\]. Female ICR mice were chosen because they are commonly used as foster mothers in the embryo transfer technique. However, 0.3MBA60 produced either ineffective or overly deep anesthesia in other mouse strains. Therefore, the concentrations were changed to find a combination of medetomidine, butorphanol, and alfaxalone that can be used effectively and safely in other mouse strains. Combinations of anesthetics that included alfaxalone caused death at high concentrations of alfaxalone (\>60 mg/kg) in preliminary experiments; therefore, the alphaxalone concentration was gradually decreased from 60 mg/kg to 40, 30, 20, and 10 mg/kg. We used a maximum concentration of medetomidine of 0.75 mg/kg, which is 2.5 times the usual dose, and decreased the concentration gradually to determine the minimum dose with an anesthetic effect. For a medetomidine concentration of 0.75 mg/kg and an alphaxalone concentration of 30 mg/kg (0.75MBA30), deep anesthesia was achieved in BALB/c mice; therefore, a medetomidine concentration of 0.5 mg/kg (0.5MBA30) was also examined.

In this study, we compared the combinations of 0.5MBA30, 0.75MBA30, and 0.75MBA40, which were promising in preliminary experiments in three mouse strains. However, 0.75MBA30 and 0.75MBA40 produced long, deep anesthesia, a large decrease in body temperature, and an SpO~2~ concentration below 60% (data not shown). In a previous study, alfaxalone caused a spectrum of activities, including popcorn-like jumping movements after injection, intense scratching of the face, hyperresponsiveness to noise or touch, and marked limb jerking during recovery in C57BL/6 mice \[[@r24]\]. A combination of alfaxalone and xylazine was also tested, in which the alfaxalone concentration was 80 mg/kg administered intraperitoneally, more than twice the dose used in the present study. We also observed jumping in six of the 30 mice for 0.75MBA40 and three of the 30 mice for 0.75MBA30 after administration, although this activity was observed in only one mouse out of 30 after administering 0.5MBA30. No other marked clinical side effects were observed in the three combinations.

MMB is the most common anesthetic for experimental mice, but the combination of concentrations differs between laboratories \[[@r3], [@r13]\]. Ochiai *et al*. \[[@r19]\] reported that MMB affects blood biochemistry in male C57BL/6 mice. They subcutaneously administered a low-dose combination (0.45 mg/kg medetomidine, 6 mg/kg midazolam, 7.5 mg/kg butorphanol), which was the minimum dose that enabled surgery, and a high-dose combination (0.9 mg/kg medetomidine, 12 mg/kg midazolam, 15 mg/kg butorphanol), which was the maximum non-lethal dose. Their experiments showed that 1.5 times the conventional dose (0.3 mg/kg medetomidine, 4 mg/kg midazolam, 5 mg/kg butorphanol) was required for surgical treatment in C57BL/6 mice. In our experiments, only 60% of C57BL/6 mice showed surgical anesthesia at the conventional dose. Furthermore, the drugs in the MMB combination are sedatives and analgesics, and not anesthetics.

Based on the anesthesia score and anesthesia time, 0.5MBA30 appeared to be a versatile combination that could be used in any mouse strain compared with MMB. Especially in female C57BL/6 mice, the surgical anesthesia time for MMB was about 5 min, whereas that of 0.5MBA30 was about 30 min, and the recovery time was similar. Male rats and mice require a much higher dose of alfaxalone to reach and maintain surgical anesthesia than female animals \[[@r2], [@r24]\]. The surgical anesthesia of time for 0.5MBA30 displayed sex-dependent effects in ICR mice. However, even for MMB, which did not contain alphaxalone, sex-dependent effects were observed in ICR and C57BL/6 mice, so it is unlikely that alphaxalone alone is the cause; thus, it is necessary to examine the sex-dependent effects of anesthetics in mice.

0.5MBA30 produced lower body temperatures and SpO~2~ values than MMB. Body temperature and SpO~2~ are important indicators for assessing the depth and side effects of anesthesia \[[@r26]\]. We used an infrared clinical thermometer to measure the ear temperature and our results were similar to those of previous reports \[[@r22]\]. For MMB, the body temperature rarely fell below 37°C throughout the anesthesia period, whereas a sharp drop in body temperature was observed for 0.5MBA30 in C57BL/6 mice. Thus, warming is essential when using this anesthetic. Under MMB anesthesia, SpO~2~ rarely fell below 70% in any mouse strain, similar to previous reports \[[@r11]\]. For ICR mice, 0.5MBA30 showed similar SpO~2~ values to MMB, but the concentrations tended to be lower in BALB/c and C57BL/6 mice. In particular, BALB/c mice took longer to recover to the same SpO~2~ as with MMB.

In summary, the combination 0.5MBA30 of alfaxalone, medetomidine, and butorphanol may allow surgical anesthesia that is more stable in more strains of mice than is possible with MMB. However, the combination requires precautions against hypothermia, especially in C57BL/6 mice.

CONFLICT OF INTEREST {#s4}
====================

The authors declare no conflicts of interest.

This work was supported in part by the Japan Leukemia Research Fund.
